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Abstract 

Pc'^.Scntud arc the results of extensive testing 
of two 30-cn ion thrusters uhidi are virtualiy 
identical to the 900 series Engineering Model 
Thruster in an ongoing 15 0i)0-hour life teat. In- 
cludeil arc perfornance data for the notiinal full- 
pQ’rfiar (2GS0 VI) operating point; performuncu sensi- 
tiyities to discharge voltage, disdiarge losses, 
accelerator voltage, and uiagnetlc baffle current; 
arid several power throttling teclmiques (maxlinura 
Igp, ioaxlcium thrust/pouer ratio, and two cases in 
between). Crltetia for throttling ore specified in 
terms of the screen power supply envelope, thruster 
operating limits, and control stability. In addl- 
r.iop, reduced requirements for successful high 
voltage riicyeleb are presented. 

Introduction 

The 30 cm diameter uercuty bombardment Engi- 
neering Model Thruster (EHT)(1”3) is presently 
being considered for a variety of planetary and 

-neat- Earth space missions •t'’t“6) - This vatiety -of- 

misslons requites that the thruscer be capable of 
being started, thro ttied, and operated steady state 
over a range of input power. Tills paper describes 
steady state thruster operation and performance in 
terms of Input power, thcusti, specific impulse, 
control (including higli voltage tecycle(7 ,B)) ^ and 
Itfetinie ovec a All input power range j and dynaniic 
throttling over the same range. (Hirustet start- 
up is detailed In Ref. 7.) 

Apparatus 

Facility 

Tlie tests were conducted in the 3. 0-m diameter 
by 3.0-ni long chamber- of the 7. d-iii diameter by 
21,4-m long vacuum tank at NASA's Lewis < Research 
Center; The tank has LN 2 cold walls and was oper- 
ated at about SxlO"® under load. The theusters 
were mounted from the spacecraft simulator frame 
used in the Multiple Thruster Array program: de- 
scribed in Ref, 9. ' 

- Powet Eroceaaors 

L abocatory supplies . Most of the steady state Results and Dlscuasion 

performance data were obtained while the thrusters ^ ■ 

were powered by 12, 60 bertt, laboratory power Four basic parameters are hormally used to 

supplies . Tile screen and accelerator hlgii-yoltage evaluate ibtus ter performance i These are the output 
supplies were a high capacity^ three phase, full :: performance parameters of (1) thrust^ Tp (2) sp’e- 
wnve bridge rectifier design'. The dlBchsrge, mag- cific impulse, Igp; (3) total efficiency, ri'i; and 
netlc hafFle, and two keeper supplies were 5ull_ the input performance parameter Of total Iriput 

■ wave; single phase Tecelfied di c. sources, Tlie six power, P._ The equations, assumptions, and approxi^ 

reslstiva heaters were powered with alternating ,matlons used to derive these thruster perfprmahce 

current. parameters are detailed in rhe appendix. The only 

thruster operating parametwcs which appear .In the 
. Secies casonant inverter. All of the control petformaiice calculations (see appendix) Were beam 
and throttling tests and some performance tests ' currentv Jg; screea voltage, Vj; discharge CKaniier 
' Meza dohe. with an SCR series resonant, inverter losses, Ej-; and total propellant flow rate, 

power processor unit (ppu) similar to that de- The fits t three p' Jtametete can :be selected an^l held 

scfibed in Ref. 10; This ppu has 12 flight type . by the power pfacessof.' ,ilie. 'mass floff'M 

power supplies. Wliile the specific design, such ever, is a function of several other operating 

■■ STAR category- 20 - 
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as output iepadunce, oi the resistive load supplies 
docs not significantly effect thruster control or 
opera tibn, this is not necessarily true of the 
plasma load supplies, Tliereforc, pertinent charac- 
teristics of these five supplies are given In 
Table I. 

Fifteen analog voltage set points were avail- 
able for each of the discharge current, beam cuC- 
rcht reference, screen voltage, and magnetic baffle 
opcral‘lng parameters. These were selected to pro- 
vide 15 distinct input power levels, ‘nirottllng 
was performed by external logic which sequentially 
switched each of the four set points. The discharge 
current, beam current reference, and screen voltage 
were simultaneously switclied directly to their nnW 
values. The ctagnetic baffle current was first 
switclied to zero and then to its new value. 

Tlirusters '■■■■ ■■■■■ 

TVo engineering model ,7.0 cm diameter thrusters, 
dc'slgnated S/N 802 and 804, Were used for this In- 
- vestigation.— These thrusters were- equivalent- to- tha- 
900 secies thruscer of Ref. 11 in all areas affect- 
ing thruster performance and theuster-ppu Interface^ 
requirements. These modified BOO scries and the 
900 series; rhrusters evolved from the 700 series de- 
sign Which t/Ss life tested in 1974^^) for 10 000 
hours. Vlbrotlon tests of the 700 series thruster 
necessitaf"*^ some Btcuctural changes leading to the 
800 series design, (12) xlic life test of Ref, 2 de- 
fined several wear out modes which required modifi- 
cations. These modifications were aetermlned by a 
series of tests performed at Lewis Research Center 
and detailed in Ref. 3,: 

Other changes included the change of the cath- 
ode Insert design from a rolled tantalum foil type 
to an Impregnated type to provide better neutralizer 
closed loop control and ovarall component quality 
control. The heater type was changed from the 
flame-sprayed design to a swaged construction. (l-O 

Tliese ware the major modifications to the 700 ■' 
and 800 series thruscer design of Ref. 12 which ro- 
siilbcd in the current engineering model (900 scries) 
thruster design; 



ps raaietiits; spuclticully , discharge voltage, iVi; 
accelerator voltage, V,^; dlsctfarge loswea, Cj; and 
cathode tip pouer (and teiupecature) , Tct, and mag- 
netic ba££le current, J^g. Teats were conducted to 
determine the variations of performance parameters 
uith changes in operating parameters to define the 
operating points over a a to 1 range of Input poi'er, 
consisting with thruster lifetime and control, fol- 
lowed by un Implemeuratlon of several throttling 
profiles and schemes. 

Utruster Performance - Steady State 

Cathode tip power . Thruster testing of an im- 
pregnated insert recessed fi.3 mm from the cathode 
tip showed poorer performance compared to tests with 
a rolled foil Insert. Because of the difference in 
the thermal characteristics of the two Insert 
types, tests were conducted to determine the ~ 
effects of cathode temperature on thruster perform- 
ance, Fig. 1 shows the effect of cathode tip power 
on propellant flow rate at a given operating point. 
Addition of tip heater power did not significantly 
affect cathode flow rate, but did reduce the n,aln 
flow rate with a corresponding increase In utiliza- 
tion efficiency. This improvement in performance 
was due to Improved emission characteristics re- 
sulting In a reduced cathode sheath voltage drop as - 
characterized by decreases of several volts in the 
cathode keeper voltage. As discussed iil Ref . 14, 
such a sheath voltage decrease results In a not In- 
crease in electron energy and a subsequent increase 
In the ion production rate in the discharge, and, ' 
hence, improved performance. 

Rather than operate with' the heater supply 
constantly on to maintain sufficient cathode 
insert temperature, the Insert was moved forward, 
flush with the cathode, resulted in increased 
operating temperatures as shown in Ref. 14. Tlie 
performance of thrusters SN 802 and 804 with this 
insert position is sKown' in Fig. 2',-- Tlie main pro- 
pellant flow rates are virtually the same for botli 
thruaters when operated at the same cathode flow 
rate. 

Some slight variations in thruster performance 
were noted when cathode tip heater power was 
applied with a flush insert, Howevec> this mode of 
operation was undesirable because of the additional 
power requirements and complexity and as a result 
was not investigoted. 

Discharge voltaae and losses . - Two operating 
parameters which directly effect the mass flow rate 
and therefore the thruster output, parameters are 
the discharge voltage, AV^, and the discharge loss- 
esi e,j.i -This: section details: the criteria for the 
selection of these two parameters and examines the 
crude between discharge power requlTemcnCs and pro- 
pellant mass flow rate. , 

-Table' it shows the variation, of flow rate and 
total efficiency for changes in AVj. .-arid cj at a 
screen voltage of 1100 volts arid beam currents of 
1 and 2 amps. The total efficiency was calculated^. 
using the thrust correction factors as discussed in 
. the' 'appendix;." ' 

Based on the lifetime projections of Ref. 3, 
the majcimumTdis charge voltage considered for. a 2 A 
beam was 3S V. 'A reduritiOn of the discharge volt- 
age would further increase'" expected lifetimes. 


But, as shown In Table II, a 1 V decrease would 
also cause a total efficiency decreas' of 0,015. 

This la the soat sensltivn total efficiency varia- 
tion shown in Table II, At the 1 A operating 
point, the sensitivity is 2,5 tiroes less. 

The discharge Vclcage was selected us 36 V 
over the opnratlng range based on the following 
conslderatloiisi 

(1) Sign ficant total efficiency penalties of 
as mur h as (j,,0l5 percentage points/V be- 
low 36 V at 2 .Vbeam 

(2) Expected lifetime penalties due to sputter 
erosion at discharge voltagea in excess of 
36 V at 2 A beam 

(3) An overall simplification of the control 
philosophy when using a single discharge 
voltage set point over trie operating range 

(4) A luck of performance sensitivity to dls- 
cbJ cge voltage at the 1 A-briun current level 

As iie discharge losses aits Increased at con- 
stant discharge voltage, and beam current, the 
- utilization efficiency irioteasek as the power effi- 
ciency decreases. Since the total efficiency is 
proportlotiul to the product of the uCilization and 
' power efficiencies (consistent with the assumptions 
dcfili'ed IF tiuj: a'^eridix) , there is a between" 

these two efficiencies by which the total effi- 
ciency can be maximized. Operation near this maxi- 
mum total efficiency is one consideration in the 
selection of the dischatge loss operating point. 

there are other faCtois which affect maximum 
and minimum dis chat ge. loss operating points , For 
example, a practical maximum at a 2 A beam current 
can be expressed In terms of a maximum emission 
current corisis tent with demonstrated cathode life- 
times. Another consideration must be a trade of 
power supply capability and weight or design. 

These factors have resulted in a selection of 
198 ev/ion as a 2 A beam maximum discharge loss 
operating point. Table 11, shows increases above 
198 eV/ion to 2ll eV/ion (b^SS) to increase total 
efficiency by less than 0.005. Similar Increases 
at: a 1 A beam current shows an Increase in total 
efficiency of less Chan 0,001. 

Tlie. minimum discharge losses are governed pri- 
marily by the ability to maintain closed loop con- 
trol of the discharge. Fig, 3 illustraces a condi- 
tion coinmorily referred to as "low mode," As the 
discharge losses are decreased, the main flow rate 
Is iricteased to raaintaln , a: donsta"nt. heam; current,:: . 
arid the propellant utillzatiori,: efficiency decreases 
Os evidenced by the increaslrig implngelnerit, current 
: in Fig. 3. Eventually a point is' reached where the 
beam cutfent actually begins do decrease with In- 
crcaslrig flow, resulting in a runaway condition of 
the:: main flow race 'jxjntroi.io fapldly;ln- ; 

creasing impingenririt curreriCB. Tills occurs at 
-180 eW/lon for a 2 A beam current in Fig. 3. The 
value of this lelhimum eV/ion was abouc the s 
over the throttle range. 

The definition of 'felnltnura eV/lbh" is arbi- 
trary, but the operating point must be aclectcd to 
, , proyi^d^ matgiri so that mtrior perturbations 

drifting, or aging danriot cause the thrUstcr to gO: 
into low mode. Selection of the 198 eV/lon operat- 



lug point providea u ontgln oi! about lU^. 

Tile date 0 f Table II show a Higniflcunt de- 
crease in the total efficiency gaiii/CeV/ion) In go- 
ing from 198 to 215 eV/lon as opposed to going from 
IBS to 198 eV/lon. This suggests Chat the 198 eV/ 
ion opeiotlng point Ca.t 1 A bean) is near the point 
of maximum total efficiency im 'tiscussed previously. 
Further increases In discharge losses would be ex- 
pected Co decrease the power efficiency faster than 
Increasing the ucllicatlon effldenby, thereby re- 
sulting In a decrease in the total efficiency, 

Tliere does not appear Co be u significant 
reason for increasing the discharge losses at re- 
duced power operation. In fact, almpllcity of con- 
trol again presents o strong acgutnent for throt- 
tling at constant discharge losses of 19B ey/lon. 

Accelerator voltage . - The prlmar" purpose 
of accelerator voltage 1« to prevent electron 
backstrenining.. However, several other factors 
concerning accelerator volcusn have been observed 
to affect thruster operation before backsCrcamlng 
becomes an effect. 

Reducing the accelerator voltage forces opera- 
tion nearer the pcrveance llKilt of the extraction 
ayscera. This liiiiit is defined os that accelerator 
grid system volt age/curW operating pBllVt where ““ 
the ion focusing is borely adequate to prevent di- 
rect Ion impingement and is shown in Fig, 4. Moving 
the operating point nearer the pcrveance limit . 
affects total efficiency, accelerator grid lifetlHie, 
and increases ion defocusing resulting in increased 
sputtering of downstream components. 

Table II shows a slight effect of accelerator 
voltage on total efficiency. Decreasing the accel- 
erator voltage from 300 to 300 V causes decteases 
In total efficiency of ^,003 at 2 and 1 A beam 
currents. This decrease is due entirely to a de- 
crease In the propellant utllitatiah efflcluncy. 

There are .several raasortS for considering re- 
ducing of the accelerator voltage and aCCupting the 
decrease In performance . Ref, 13 shows bctLer 
focusing of ions from a typical aperture he^i the 
center portion of the grid. Lack of focusing (or 
angular dispersion) is one possible cause of the 
chamfering of the ups't.reain edges of the aceeletatOc 
apertures as noted in the 10 000 hr test of Ref. 2. 

Another reasba involves ions which leave the 
peripheral grid apertures at angles as great -ai‘. 80°, 
Reducing the accelarator voltage also serves to re^ 
duce the number of these ions .1^^) High angle ions' 
are the most probable cause of ground screen and 
neutralizer: efosioii noted in the life test.i^i , 

ihi additional consideration is: the erosioh of 
. the :acceleratbr grid due to charge exchange- IbhS i 
The measured charge exchange erosion rate on the 
10 000 hr grid of Ref. 2 Indicated, a. potential 
problem if grid31ifetlc»s of 15 OOO hrs are desired. 
Reduction of the 'acteleratbr voltage from 500 to 
300 V, could reduce the sputtering rate of the grid_ 
by as much as a factor of 2. 

Magnetic baffle . - The magnetic baffle cur-' 
rent strongly affects the ope'ating character of 
the thruster. Variation of the magnetic' field 

“ -OOB quality 


within the dischurge chamber via the magnetic 
baffle cufrenf affects the performance and con- 
trolability over the throttling range. Improper 
set point can cause dischurge instabilities and 
attendant control. problems, excessive cathode 
propellant flow rate ami attendant sputter ero- 
sion of discharge components i or change In the 
character of the discharge oscillations. The 
tests described were I'-Llgned to establish the 
criteria for selectlohaC the magnetic baffle curr 
rent sot point ''over the thtottllng raage'. 

Tite basic result of a chon'gu in the magnetic 
baffle Current is a shift in the discharge volt- 
ampere characteristic in much the some way as a 
change In the cathode propellant flow rate shifts 
this characteristic, ttius the magnetic baffle cur- 
rent ,1s a means to set the cathode flow rate, 
which , as seen in Fig. 2, is the parameter which 
must he specified when defining or comparing thrus- 
ter operation and pecfoimonce. 

Fig. 5 shows the variation of discharge volt- 
age wltli cathode flow rote for several magnetic ’ 
baffle currents. Ttiese curves were generated by-, 
slowly varying the cathode vaporizer temperature 
open loop and recording the cathode vaporizer 
temperature -discharge voltage. Subsequently, the 
cathode flow rate was measured at a discharge Volt- 
age of 36' V. 


The discharge operation of Fig. 5 can be 
divided in fbuf regions at a discharge voltage of 
36 Vi 

(1) Low flow region, < 80 mA 

(2) Nomal operation region,. 80 mA < m 

< 100 mA 

(3) bistable operation tegio>i, 100 mA < m 

< 120 mA 

(4) High flow region , 120 mA < 

In the low flow region, the flow rate /discharge 
voltage control characteristic is monos table, but 
the gain is sufficiently high to cause control 
limit cycling and huntlng'under sooe circumstances. 
Tiicse considerations are discussed in kef, 16. 

Fig. 8(a) shows oscilloscope traces: for low flow 
operation. Note the large amplitude-, low frequency . 
random .type spikes on the discharge current and 
voitoge traces. This is accompanied by large cur- 
rent spikes on the cathode vaporizer ci'rteht as- the 
controller tries to [track the'/dlscharge voltage. 

Hie nocmaJ-Tipuration region Is shown in 
Fig. 6(b). Discharge voltage and current and beam 
Current are periodic and free of large amplitude 
Bpikes, The control chataeterlstic slope Of Fig. 5 
is reduced from the low flow region and stable coti- 
crol' of the discharge voltage is readily achlevea. 

The bistable region has two operating.ppints, 
occurring at the InterSectioh of the- desired' set 
point (36 V) and the negative slopes of the curves 
of Fig-, 5. Any minor perturbation can cause a 
switch from one "operating point to another.- 

High 'How operation is: showii; in -Fig-. 6(c) . 

There 73re no large' current: or voltage spikes:;: ibuc 
the oseiUctions are random and incoherent. More- 
over, CO be. eiile to. operate above the [double valued 



iiurtlon would troqulro ck\Ciiodu flow racue of 
0.130 A (eq) or raotu. 

Low flow opcruclon 1 b not duslraUlc for sev- 
oral cuaoono. Largo cucrenc and voltago oplkuB cun 
advccBiily effect projected llfaciiwi, ainco wear 
[lecliuniaiui are nonlinear with current and volcup':. 
These aplkes nlso laake it laoCe difficult for tku 
cacliode vaporizer control loops to mlhtaln h con- 
stant d.c. dlachuuge voltage level, fc'uetlier, these 
variations are patenctolly sources of conducted and 
radiated noiBu since they do involve rupid switch- 
ing of relatively large currents and voltages. The 
noise prohlenci associated with tlie low flow region 
are unknown and difficult to assess, but they would 
probably impose significant filtering burdens on 
the power processor. As a result, the unset of 
discharge chanber oscillations as shown in fig. C(a) 
represents a practical mlnimun acceptable magnetic 
baffle operating current. 

Bistable operation Is undesirable because -of 
the uncertainty in the magnitude of the catiiode 
flow rate ut the controlled discharge voltoge and 
the associated control problems. High catiiode flow 
region is undesirable from o llfeticie viewpoint. 

Ref. 3 indicates intenml dlpchatge chamber erosion 
to be a slgnlficaht functloik of cathode flow rate. 
Erosion rates increased by a factor of about l.b 
when the cathode flow rate increased from BU to 
120 eq mA. Thus, the region which appeato best 
suited- for a- steady state sot point is fha noraiai ’ 
operation region. 

Fig. 7 shows the effect of magnetic baffle 
current on tbrustCr performance at a discharge volt- 
age-of 36 V and discharge losbes of IBB eV/ion. As 
the magnetic baffle current is increased through 
. normal operation, the cathode flow rate increases 
and the main flow rate decreases, such that the 
total flow rate remrinud nearly constant. As a 
result, the propeilarit utilizatlbn efficiency 
throughout the normal operation region varies less 
ttian 0.006. In fact, the total variation over all 
four regions is only 0.008. 

Based on the conclusions from Figs. 5 through 
it is apparent that specifying the limits of the 
normal operation region is sufficient for specify- 
ing theinagnetic baffle current since (1) this 
region is preferred for control and lifetime con- 
siderations and (2) the thruster performance is rel- 
atively inBensltive to variations in magnetic baf- 
fle current, especially in the normal operation 
region. 

Screen volrage and current . The proposed 
mission set presents several general requirements 
for the 30 cm thruster operating point. These 
are (1) specific impulse- of -3000 sec at full 
power, (2): a Jiajclmiiin input poWer of 2650 W, and ] 

(3) the capability of throttling over an input , 
power range of d:l, ...... ... 

_ .Tlie first two points require maximum operating 
limits .for- the screen voltage and current of 1100 V ■ 
and 2 A, respectively, thus specifying the power 
supply envelope; Operation, at i/A power eliminates , 
from cohsidetatlonv any screen voitage/current steady 
- state operating point resulting in power less than 
662 W;- -Tlie. beam; currerit capability: of .the extrac- : 
tion system determines the minimum, screen volfage. ; 
Operation below 600 V is generally unattractive for 


any beam current In excest of 0.5 A and this mlni- 
mura screen voltage Increases with increasing beam, 
current 111 order to maintain adequate grid perve- 
ance (Fig, A) . Steady state operation at any 
screen voitage/current set points within these 
limitations is acceptable for achieving a A:I input 
power tiirottlu range. It is, however, necessury to 
evaluate the effect of the screen voitage/current 
set points within this operating envelope on the 
thruster perforuuince parameterB. 

Fig. 8 shows the Vj^ vs Jg map of permis- 
sible operating points. Tlie lines of constant 
power were calculated Using a fixed dlBchargc loss 
of 198 eV/lon and fixed power losses Of 50 W. The 
mlnltaum perVeancu limit is deterojlned by including 
the Vtot vs J]j relationship shown In Fig. :A and 
ossuming an accelerator voltage of 300 V, Tiius 

Vi » - 300 •= £(Jg) - 300 

If the accelerator -voltage is Increased, the 
scioeh voltage can be ducruased by approximately an 
equal increment, The purvcance limit in the Fig. 8 
provides no margin, and In actual practice Opera- 
tion on this line probably would cause some sta- 
bility and control problems.. 

Hie thrust is also a function of Vj and Jg 
only, permitting lines of. constant thrust/power 

.. .. ratio, to .be included .In Fig. 6 , ...: .However , .the. spe-.,., 

clfic impulse and total efficiency arc also func- 
tions of taasB flow rate. 'Ihls additional Informa- 
tion must be considered In evaluatihg d particular 
operating point within the envelope of Fig. 8. 

Tlie meoBUred propellant utilization efficiency 
specific impulse, and Cotal.efficlcncy at various 
Input power levels are shown in Fig. 8 and Table 
III. Note that the propellant utilization effi- 
ciency is not a-Sttong function of the voltage/ 
current trade above 1/2 Input power. Below 1/2 
power the meaeured utilization efficiency decreases 
more significantly with decreasing beam cutreht. 

The specific itipulse at constant power is seen 
to vary monotoriically with increasing voltage and 
decreasing current. Even at 1/A power, the effect 
of a 500 V change in screen voltage has a greater 
effect Ott: the Specific- impulse than the ineasured 
change in utilization efficiency. Similarly, the 
Increase in propellant utilization efficiency 
realized by increasing the current and decte.-iBihg 
the voltage is, never great enougli to Offset the de- 
crease in poi.ef efficiency.. As a result,- the maxi- 
mum efficiency al-jBVK .occurs at the rnaxinium screen 
voltage of 1100 V. 

There are, however, other factors to be con- 
sidered in selecting a set point; especially at the 
lower input power levels where control can be a 
major concern. 

Fig. 9 shows oscilldBcope traces of dlschacge- 
voltagc and current at 1/A power operating points. 
The two operating points shown (1100 V, 0.A7 A; 

605 V, 0,76 A) are the two limiting cases of ; the. 
voitage/current trade-off determined by the power 
supply operating ervelope (Fig; 8); The osciUar ' 
Dions at 0.A7 A beam arc nonperiodic and random 
with peak to peak current variations of -A A about 
a d.c, level of 3.05 A;.,,'-' 



The volcagu ehowit some peaks which approach 
20 V above the 36 V d.c, Xeyel. However, the os- 
cillations at the 0.76 A point are smaller In nag- 
nitudc with a definite frequency of -3 klia. Fur- 
ther, strip chart recordings of the two vaporizer 
currents show significant Increases in the noise 
components of these currents for the 0,47 A beam. 
Tills is due to the control loops attempt to control 
the spikes seen In Fig, 9. 

Another reason for considering tlie 600 V, 

0.76 A point for 1/4 power Is the chertutl data of 
Table IV (see also Ref. 14). Although no problems 
have been experienced due to a cool feed system, 
the 10% higher Isolator flange tccperatures are an 
advantage since they reduce the probability of re- 
quiring isolator heater power in any thermal cn- 
\kronment. 

The same argunuhe also applies to the proba- 
bility of requiring cathode tip heater power since 
the higher discharge power and cutrent signifi- 
cantly increases the cathode self-heating. 

Although, as will be seen, throttling at maxi- 
mum screen voltage Is possible, a qualitative 
assessment of thruster operation suggests that 
strong preference be given to throttling by reduc- 
ing the screen voltage os well as the beam Cutrent, 
at least at levels below 1/2 power. - 


Vaporizers,: heater, keeper supplies . - The 
selection of the operating parameters of the re- 
maining eight supplies do not significantly affect 
the thruster petfbr.iiBnce parameters, hut a brief- 
description of these supplies is presented here. 


The three vaporizer supplies are normally in 
closed loop proportional control, and -os such have - 
their set points controlled by operating parameters 
of other supplies. 

The three heater supplies, cathode tip, neu- 
tralizer tip, and isolator ore currently used only 
for start Up and normally have zero output during 
steady state operation. 

Tlie cathode kdeper supply aids discharge sta-r 
blllty at low discharge current and during recycle. 
Tills -supply is operated at 1 A with the voltage un- 
controlled, f The power consumed ranges from 5 to 
9 W typical over the throttling range due to vari- 
ation of keeper voltage: with beam current set- point. 

The nCutrallzcr keeper was operated at 1.8 A 
for all beam -current levelsi Although the neutral- 
izer keeper voltage vs. mass flow cliariictarls tic 
was not mapped for those tests, other tests have ., 
indicated that a keeper voltage of 15 V result's in 
mass flow rates of ^-30 equivalent mA at a 2 A beam. 
As the beam cutrent is reduced, the neutralizer 
keeper voltage set point generally has been in- 
creased to about 17.0 V to maintain stability and 
low neutralizer flow rate. ; These neutralizer "oper- 
ating conditions were dssutied for calculations made 
in this paper. 

Dynamic Tlirottllng , 

The previous sections have defined the eti— 
terla for selection of all thruster steady state 
operating parameters, Tliis section investigates 
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Che dynamic sequencing at set poincu over several 
throttling profiles covering a 4:1 Inpuc power 
range. 

Four throttling pro files - were selected for 
testing. Tliese ate shown In Fig, 10, Profile 1 
maintains a conscunc screen voltage of 1100 V over 
the 4:1 Input power range. This maximizes both 
ratal efficiency and specific Impulse. Profile 2 
Vies identical to profile 1 down co a beam eUrreriC 
of 0.9 A. HovJevet, due to die preference of reduc- 
ing screen voltage rather than beam current to 
attain steady state operation at 1/4 power, pro- 
file 2 was selected to reduce both voltage and cur- 
rent below 0,9 A as shown In Fig. 10, Profile 3 
was selected as a compromise profile in which the 
beam current was decreased from 2.0 to 0,76 A pco- 
portlonal to the decrease in Input power from 2650 
Co 662 W. Hie suleccioo of current and power fixed 
Che screen voltage as ohown in fig, 10, Profile 4 
was ah attempt Co throttle as close Co the perve- 
ance limit us pcaCclcal. Tills profile reptesents 
a maximum chrast/powor ratio at any given thruster 
input power, Tlie minimum screen voltage at a given 
beam current as shown by profile 4 of Fig. 10 was 
determined by the stability of the proportional 
con crol loops and not by a thruster operating limi- 
tation . Improved Control stability should per- 
mit operation closer to the true thruster limit 
represented by the perveance limit sliowii In Fig, 10, 

Once che scfeen vdl'Ca^e Wd beum’curfcSc tiao 
been specified, it was necessary only to specify 
the magnetic baffle current for each operating 
point. Tile criterion used was to maintain opera- 
tion within the norizal operating range as discussed 
previously. Variation of tlie magnetic baffle cur- 
rent at various operating points resulted in the 
maximum-minimum limits fot each of the four pro- 
files. These normal operating envelopes ace shown 
la Fig. li. : 

Tlie effect of decreasing the screen volcsge at 
a given beam current Is to shift the entire normal 
operating envelope to the higher magnetic baffle 
currents, -nils is especially evident when compar- 
ing profiles 1 and 2 Co profile 3. 'Ilie difference 
between profiles 3 and 4 was found Co be very 
slight. Also note the narrow, double^valued por- 
tion of the profile 1 envelope below 0,7 Abeam 
current. Tlie uncertainties associated with control 
In this region re-enforces the preference for a 
throttling -profile which reduces the screen voltage 
while maintaining higher beom currents. 

With the definition of the operating enve- 
lopes, an arbitrary magnetic baffle current was 
Selected near iSid-rarige oyer throctlliig profile 1; 
The first attempt to throttle up from 0.9 to 2.0 A 
. beam teveolcd no problems. However, when the 
chcdttle direction Was reversed, difficulties were- 
experienced, Fig. 12 shows strip chart recordings 
of the critical thruster operating parameters dur-- 
ing tlie throttle down mode.: At beam currents below 
1,6 A, there appears a large Increase in discharge 
voltage during the first cycle of the cathode 
vaporizer controller. This results directly iii a 
noisy beam current condition. 

In order to analyze this operation,: it must be 
remembered that the initial change In electrical 
Operatihg parameters is dohe at effectively con- 
ScanC flow cate. Thus when Che emission current is 
decreased:, the discharge voltage decreases. The 



propartianaL coaccollar begliia Co dacroasu the 
cathodti peopollant tlow rata. Ilowuvur, 1£ the isag- 
neeic baffle ourront, cathode flow toCc aperatliiE 
point la too near the ralnlnum boundary of tlic oper- 
ating envelope, the actual aet point will momentar- 
ily move Out of the envelope and Into the low cath- 
ode flow operation, although eventually the control 
loops will aectle within the normal opuratlnn 
llmlta. Tiila la not observed when throttling up 
since die arguwint la reversed, alchr.ugh transient: 
operation In the !ilgh flow region may occur. 

Hie impact of even mamuncary operation In the 
low cathode flOw region is difficult to assess, 

Tliate is, however, pOcentiBlly a slgnifltant effect 
on power processor and/or spacecraft noise suscep- 
tibility and filtering conscralnta, 

Altbougti it la possible that a control loop 
modiflcaelbn could redoce this ptoblem, the moat 
direct solution was found to be raising the nag- 
netle baffle current sec point In the problem area 
of the throttling profile. By incteaalng the mag- 
netic baffle current set point by as much as 0.3 A 
In the region from 1.6 Co ,0,9 A beam current, this 
problem was eliminated. 

An iterative process of selecting magnetic 
baffle currents within the normal operating enve- 
lope of Fig. 13 was carried out for each operating 
set point along all four profiles. Ttie set points 

— ■ deflning-eacli- of these profUss is given in - - 

Table V. Tiie dynuiuic throttling results are 
illustrated la the strip chart recordings of 
Fig. 13. Each of these profiles were repeated for 
time increments of 6,3, 22.5, and 38.9 sec In addi- 
tion CO die increment of 1A.4 sec, shown, Ko ef- 
fect was noted for this varlaclon. 

Thruster Eerformance - TlirotClins 


high efficiency and Specific impulse, the latter at 
high thrust to power ratio. 

Profile 4 is of Interest only where thrust Is 
CO be maximized for a given power Input, since this 
profile corruaponds to minlnum efficiency and spe- 
ciflc impulse over the throttling range. Efficiency 
penalties can be us mucli as 2% or more near Che 1/2 
power point, An additional disudvuntage of this 
profile is the difficulty of control. 

High Voltage Recycle 

The high volcnge recycle profile of the power 
processor used in these tests qualitatively is the 
sane as the profile described in Sef, 7. Tlie dif- 
ferences in these recjrcle profiles will be discussed 
later. Fig. 15 shows a typical recycle for a 2 A 
beam current, Ulien the ovcrcurrenc condition is 
sensed by the power processor logic, the high volt- 
age supply is turned off, the discharge current re- 
duced, and Che neutralizer keeper current (not shown 
In Fig. 15) increased. After 150 mseci the high 
voltage is commanded on, and 20 msec after that, the 
discharge and neutralizer keeper currents are com- 
manded back to ciiel- cun levels. The total recycle 
sequence Is complete In less than 300 msec. Since 
this Is much faster than Che thermal response of the 
propellant feed systems, there Is no need for 
changes in the vaporizer control loops or heater 
set points. 

Tile recycle sequence described was verified 
over the four throttling profiles of Fig. 10, This 
was done by momentarily shorting Che accelerator 
supply, causing electron backstreamlng from the 
neutralizer to initiate Che over currant contnand and 
begin the recycle sequence, , Hie current in the 
shorting path was sensed to trigger the first oscll- 
loBcope which in turn triggered the second scope, 


Fig, ID has shown Che variations of thruster ■ 
performance parameters throughout the operating 
envelope. Hie previous section has demonstrated 
four profiles over which the thruster bpcrotlng “ 
parameters con successfully be sequenced to achieve 
a 4:1 change in input power. Fig. 14 and Table VI 
shovj the variation of the performance parameters as 
the thruster operating parameters are sequenced 
over each of the: four profiles, 

As noted before, profile 1 shows the highest 
tbtal;;;e£ficiency and specific impulse over the - /- 
throttling range. Frofile 2, hoi-'ever, does not 
suffer a large efficiency penalty ^nt the low th cot- 
tie points as does profile 1,; At i/4 power the 
difference in total efficiency is less than 0,01, 
There is a^ specific impulse penalty realized, over 
the 3.oWer i/3 of the thro ttiing profile,' ambuntihg 
to -191? at 1/4 power. Hils specific impulse 
penalty may mean increased, propellant weight, but 
can be traded against a‘19X Increase in: the thrust/ 
power ratio. Hie significant advantage of pro- 
file: 2 is much better CO ntfol' as compafed, to, pro- 
file 1. ' ' ‘ ' 

Profile 3 does provide a good, all arbund; com-' 
promise. Efficleacy peanlties are less than a 
percent and the thrust to power ratio is sigdifi- 
cantly increased over profiles 1 land 2 over the 
lower 2/3, of the throttling range. Further, ac- 
ceptable control Was realized over this throttling , 
profile, in general, profiles, 2 aiid 3 appeared to 
"provide the best throttling control,, the former at :: 


Figs i 15 to 17 show the recycle sequence for 
the end points of the four throttling profilas of 
Fig, 10, In addition 2 intermediate points (not 
shown) were verified' for each of the four throttling 
profiles. 

Although the present redydle and the recycle of 
Ref, 7 are qualitatively the same, there are soiaa 
significant quantitative differences which are a 
result of the specific control la gie and power sup- 
ply designs and limitations. The most significant 
powet: supply differehce- is in the high, voltage sup- 
pile.s. These two supplies in the present pewer : 
pirocessof are inherently current limited. Thus 
transient arcs: at the thruscer tend tD, becbtae self^ 
extinguishing as the supply voltages load down. 

This is seen in Fig, 15(b). Approximately 2 msec 
after the supply la turned on, a beam current tranl 
slcnt occurs, loading down the high voltage supplies 
until the transient can: no longer be, sustained. In 
the case of non Current limited:' supplies i as in 
Ref, 7, the: supply will try to maintain a constant 
: voltage,' thereby sustaining the' current transient : - 
until external bvercurrent, protection circuit^ guh- 
erates the 'appebpeiate' S'upply off coiranands. 

Another significant difference is the dis- 
charge supply output impedance. With an output, 
choke in the present supply, discharge current os- 
cillations are significantly reduced. This per- , 
mltted the hl^er; discharge current cut, back leveis 
without probleiiis of the discharge extlhguishlng, 


FinaJ.l'' conCctJl losjid dift'uruncuEi provida for 
butter liigi) voltage reguletltt, c'tfttrol of >umud 
intervaTH, and slower rate of itierenae of the dls- 
charge current, 'Hie combinatloh of these changes 
has resulted In a reduction of the high voltage off 
time and dlacharge current cut back times below the 
lliaits suggested In Kef. 

Ihe profiles of Fisa i 15 tlirouyh 17 work sat- 
isfactorily at any point within the screen supply/ 
thruster operating envelope and thus recycle Is not 
a factor in the selection of a chrottlihg profile. 
Further, It does appear that the success of a short 
(<i sec) recycle la primarily a ftmetioi! of the 
power supply dynamics at all of these operating 
points. 

Conclusion 


Tiiree spB''j£flc areas of thrns ter operation 
have been considered: (I) variation of tliruster 

petformanee parameters with thruster operating 
parameters, (2) modes of throttiing over a d to 1 
range of input power, and (3) lilgh voltage recycle 
at various bpetatihg points oyer the throttle enve- 
lope. 'fhese areas have been investigated from the 
standpoint of thruster performance, control, and 
interface with power processor, 

Hie dianges in thruster performance patam- 
ecers, input power, thrust to power ratio, specific 
impulse f and -total efficiency were determined-in - 
terms of changes In thruster operating paramecr.ra. 

Increasing the recessed cathode insert temper- 
ature by the addition of cathode tip heater power 
increafled'Che propeilant utiUcatlon efficlehcy by 
several percent, keposltionlng the impregnated in- 
sert flush with the cathode face sufficiently in- 
creased the insert temperature to reaiilt in similar 
performanee gains without the addition of. heater 
power. 

Within the range of operating parameters in- 
vestigated, the discharge voltage had the most pro- 
nounced effect oh total efficiency: as mudt as 

l.SS increase per volt increase. Tlie discharge 
losses and accelerator voltage were found to have 
leas of; an effect tm tlw performance parameters. 

Ihe magnetic baffle current was found to have ah 
effect ou discharge oSclllatlohS and control note 
than on performance parameters, die total mass flow 
rate belhiT, Someuhat Independent of: magnetic baffle 
current for a fixed set of operating parameters. 
‘Thus the magnetic baffle current could be selected 
based on bperational Stability rather. than perform- 
ance, Hie discharge operating parameters were 
specified as 36 V and 19S eV/ion Cemission current/, 
beam current = 6.5) for the: throttle envelope. ■■ 

Variation; of the screen voltage and beam cur- 
rent at constant input power: showed that the spe-" 
cific iispulsc varied monotonlcally with screen, 
voltage, since the laass flow rate varied almost 
linearly with beam current , 

The increase in propellant utilization effi- 
ciency as the beam current was Increased at con- 
stant power, was mote than offset by the decrease 
in power efficiency . resulting .from the’ more ;:pro-^ 
noUnced effect of discharge energy losses when com- 
pared .with screen voltage. Thus the maximum total 
efficiency was also' , consistent with maximum screen 
voltagsv The maximum variation in specific, impulse 


at constant power betwec:i maximum and minimua 
screen voltage was ibout 500 dec while Che maximum 
variation in tocai efftcleney wSs about 5 percent- 
age poliics, both maximum varlnclons occurred 
slightly below die 1/2 power point. The maximum 
thrust to power ratio waa found to occur, as ex- 
pected, at the lowest screen voltuge for u constant 
input power., , 

Four throttling profiles were tesced. One 
mulncalned maximum total efficiency and Specific 
impulse, and a second maintained maximum thi’ist to 
power ratio. However, each of these two did ore- 
sent undesirable control characceristtCs, As a 
result, two compromise profiles were also defined 
between die two extremes. Tliroccllng along each of 
these profiles could be achieved in IS steps in 
time incruiaents us small as 6 Sec/step, 

Finally effective high voltage recycle was 
demonsCcatcd throughout the Chrotcllng envelope. 

Hie recycle sequence lasted less than 300 msec, and 
us a result, no vaporizer or ocher thermal input 
vnriatlons were required during recycle. Only the 
higli voltages, diSciiatge current, and neutralizer 
keeper current were affected. Differences in the 
character of the present recycle and previous se- 
quences were found to be sore a function of power 
supply control logic and dynamics rather than 
thruster operating characteristics. 

- Total efficiencies -ran ged from 0 . 7Q - at- an in-- 
put power of 2650 U to. 0.466 at an Input power of 
■662 M. ■ ■ 



Thruster Performance Calculations 

Tne ideal' thrus t of an ion thruBter using mer- 
cury propeJilant can be expressed in terms of the 
electrical operating parameters as 

TiDEAL - ndit (1) 

where tlie units of Jg and Vx are amperes and 
volts and defined lii Fig, Ai.: Ih this ideal cese 

the ions are assumed to be only singly charged and 
axial in direction. 

In reality the Ion beam of the 30 cm EHT con- 
tains a nonnegliglble number of doubly charged ions 
as well' as ions of both species which are not axial 
in direction. 

' A technique for evaluating fhe thrust losses 
due to these doubly charged ions and ndnaxlal ion 
traiectoriea , using a.: collimating .mass spectrometer 
and computer program has been developed by llu^es 
Research labs under NASA con tract^^^i^^^ This 
measuremenc yields two thrust Correction factors; 
a, which accounts for the different ion charge to 
mass ratios, and Fj., which accounts for nona^al . 
trajectories. Hie product of these two factors and 
the Ideol .thrust .calculated from metered . parameters 
give the actual thrust. 

Tact ■ “^T •’b'^ mNt (2) 

A detailed map of these two parameters is given in 
Ref, ,15 . Although: a variety of- thruster parameters 
affected both : a arid: :Fj., to a. first approxima- . 
tlon, they can be considered to vary only with beam 


;^00R<suAacr 


7 



cucruiit. 

All of the data preaeated for a glvan buam 
cuccciit In Raf. 15 atii wlclila 0.9^ of the. avotagu 
value for tliac beam current, EIb. A2 showa Cliu 
avurasu value of function of beasii cur- 

rent. Hie valuea of phis poraciecuc are taken draw 
Fig, A2 Cor all calculatlona made in thlu paper. 


where ibo fa the neutral maau flow rate cxprcHBcd 
in equivalent unpetea, 

Eq, (7) can be expresaed in terna of the oanu- 
ured propellant utilization efficiency aa 

2 

H,J. “ ** '’p : 


Tlie total power input to the thruater la given 
by ouBcaing the product of >'<;ltage and current of 
each of thu twelve power auppliea. (See Fig, A1 
for location of meapurements and dufinitions,) 

Thus 


+ + Va 


^VAP ^KK 


where both and qp are directly measured 

values which are uncorrected for any double ionlza- . 
tion. 

The spuclfic iBipulsUi defined os-the total lo- 
pulse divided by the propellant weight can be ex- 
pressed as 


(3) - 


The first three terois are the power in the screen,, 
discharge, and accelerator supplies. Ttiuse voltage 
and currents must be selected to provide tlie best 


^ 100.08 uF^ ^ ^ sec 
References 


( 8 ) 


overall purfotraance. The tera 


VAP 


Is the total 


power to die three vaporizers; the term Prtrs 
the total power to the cathode, neutralizer, and 
isolator boaters; and Pgg end Pj)g, are the cath- 
ode- and neutralizer keeper powers, respectively. 
Althougli the magnetic baffle current signlficnncly 
affects thruster operation, the power disefpntud 
ia amaHv — Tile - accalura tar power .ia - alnp aiaalL ba- 
ing typieally less than 2 H over the throttle 
range, A Bummaty of uach of these powers is given 
in Table AI for typical operation at beam currents 
of 2,0 and Q;5 A. The last six terms of Eq. (3) 
arc UBSUEBd to equal, 50 M and be independent of 
thruster bean current or input power. 


Using die relations 




» Jg + Jb 


Cj ^ AV^ Jg/Jg 


h h + I'^ot ' ^ 

Eq, (3) becomes 

Pj a (y^ + Cj.)jg + SO tt 


w 


The actual thrust to power ratio can then be 
expressed from Eqa, (2) and Cs) as 


uF^ 2.039i;jgv^ 
JgCVj, d- Xjl -P 50 W 


Total dhrUstet efficiency is defined as 


a 


/“T “ 2m_F,, 


(5)' 


( 6 ) 


Substituting Eqs. (2) and (4) into E'q. (6) yields 


1 

'’l ” m^UgCVj + ej;> + 50] 
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Table II Summary of performance variations for changes in operating parameters 



Includes estimated 30 mA flow rate for neutralizer. 
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Tabltr V SuHury of rlectrlcol oporatlng paronvtrni for throttlfng 



J,. I c,. 

eV/ion 




(a) Proftle 1 


26i0 UOO 2 
•''20 UOO 1,9 
2J90 UOO 1.8 
2260 UOO 1.7 
2130 lion 1.6 
2000 liuO l.S 
1870 1 UOO 1.4 
1740 I UOO 1.3 
1.2 


2630 
2520 
2390 
2260 
2U0 
2000 
1870 
1740 
1610 
1480 
1330 
1220 
1019 
822 
"8 I 605 




2.0 I 313 
1.9 

1.8 

1,7 

1.6 

1.3 

1.4 
1.3 
1.2 

1.1 
1.0 

.9 515 

.85 445 

.80 364 

. 76 290 



5,03 

300 

289 

5.12 

798 

289 

5.30 

296 

289 

5.44 

294 

289 

5.65 

292 

290 

5.83 

289 

290 

6.23 

286 

294 

6.4> 


29i 

6,73 

280 

297 

7.05 

276 

299 

7.46 

273 

301 

7.85 

269 

306 

8.65 

260 

310 

9.34 

253 

312 

10.22 

245 

315 


2.0 

515 

3.50 

1.9 

512 

3.27 

1.8 

507 

5.15 

1.7 

498 

2.96 

1.6 

488 

2.83 

1.5 

475 

2.65 

1.4 

462 

2.54 

1.3 

446 

2.33 

1.2 

427 

2.23 

1.1 

406 

2.04 

1.0 


1.98 

.94 

362 

1.91 

.88 

340 

1.87 

.82 

318 

1.87 

.76 

291 

1.81 


(c) Profile 3 


11.70 

11.05 

10.40 

9.75 

9.10 
8.45 
7.80 
7.15 
6.50 

6.10 
5.72 
5.32 
4.95 


(d) Profile 4 


2650 UOO 2.0 512 

2416 1045 1.9 497 

2192 991 1.8 472 

1988 940 1.7 448 

1802 895 1.6 

1616 844 1.5 

1450 800 1.4 

1298 760 1.3 

1160 725 1.2 

1036 696 1.1 

915 665 1.3 

851 652 .94 

036 .88 

615 .82 

661 I 606 . 76 


5.03 

300 

289 

5.12 

298 

288 

5.30 

296 

289 

5.44 

294 

289 

5.65 

292 

290 

5.83 

289 

290 

6,23 

286 

294 

6.45 

282 

296 

6.73 

280 

297 

7.05 

276 

299 

7.46 

273 

301 

7.85 

269 

306 

7.87 

267 

306 

8,12 

266 

306 

8.33 

260 

307 



Typical 














































Table VI Typical thruster performance parameters for 
various input powers along 4 throttling 
profiles tested 


Profile 

Typical 

powct 

''l 


^SP 

T/P 


T 

1 

2650 

HOC 

2 

2904 

48.61 

0.691 

128.6 


2250 

1100 

1.7 

2808 

48.69 

.670 

109.3 


1300 

1100 

.97 

2560 

48.61 

.610 

65.5 


660 

1100 

.463 

1997 

47.28 

.462 

30.8 

2 

2650 

1100 

2 

2904 

48.61 

0.691 

128.6 


2250 

1100 

1.7 

2808 

48.69 

.670 

109.3 


1300 

1100 

.97 

2560 

48.61 

.610 

65.5 


660 

605 

.76 

1642 

56.42 

.454 

37.0 

3 

2650 

1100 

2 

2904 

48.61 

0.691 

128.6 


2250 

1055 

1.75 

2780 

49.2 

.665 

110.7 


1300 

875 

1.16 

2320 

52.2 

.595 

67.9 


660 

605 

.76 

1642 

56.42 

.<♦54 

37.0 

4 

2650 

1100 

2 

2904 

48.61 

0.691 

128.6 


2250 

1005 

1.83 

2690 

50.00 

.658 

112.5 


1300 

760 

1.30 

2170 

54.40 

.580 

70.7 


660 

605 

.76 

1642 

56.42 

.454 

37.0 
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MAGNETIC BAFFLE CURRENT, A 

Figure 1. - Effect of tip heater power on thrust- 
er SN 804 with a recessed impregnated insert 
Vj • 1100 V. Beam current, 2.0 A; discharge 
voltage, 35 V; discharge losses, 185 eV/ion. 



MAGNETIC BAFFLE CURRENT, A 


Figure 2. - Comparison performance of two 
30-cm EM thrusters at 2 A beam. Discharge 
voltage • 35 V; discharge bosses • 185 eV/ion. 



in 
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Co 



3 1 I I 1 

170 180 190 200 

DISCHARGE LOSSES, eV/ION 

Figure 3. - Variation of accelerator 
impingement current with dis- 
charge losses. Dischargp volt- 
age ■ 36 V; beam current • 2.0 A. 
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Figure 4. - Beam current capa- 
bility (perveance) of extraction 
grids tested. 



Figure 5. - Discharge voltage as function of cathode vaporizer tem- 
perature and flow rate. Jg • 2. 0 A; V j • 1100 V; e j ‘ 198 eV/ion. 


952 



Figure 6. - Di'.harge voltage and current at various mag baffle currents. 









MAIN AND CATHODE PROPELLANT FLOW 
RATES. EQ. mA 



Figure 7. 
magnet 
Et • 19t 


CORRECTED) 



SCREEN SUPPLY VOLTAGE. V 



Figure 8. - Constant power and thrust/power for screen voltages and currents 
within power supply operating envelope. Discharge voltage • 36 V; discharge 
losses ' 198 eV/ion. 
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Figure 9. - Comparison of discharge oscillations at I 't power. 
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BEAM CURRENT SET POINT 
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Figure 12. - Throiiiing performance down from 2.0 to 0.9 A beam current, time increment • 
10.7 sec. 




Figure 13. - Dynamic throttling for each of profiles of figure 10 and table V. 







Figure 13. - Continued. 
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Figure 14. - Thruster performance over input power range 
for the four profiles tested. 
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Table AX Simnary of fixed power losses 


2.0 A beam 

0.5 A beam 

PyAPs 12.4 W 

12.0 U 

^HTRS ° 

0 

P(,^ 5.2 V X 1,0 A 5.2 

8.9 V X 1.0 A - 8.9 

15 V X 1.8 A 27.0 

16.7 V X 1.8 A - 30 0 

V X 2.4 A - 3.1 

2,0 V X 3.6 A = 7.2 

500 V X 4 mA - 2.0 

500 V X 1 niA - 0.5 

49,7 W 

58.6 W 


IS 


^^ALlx^ 









V5 OUTPUT VOLTAGE OF SCREEN SUPPLY, V 
J5 OUTPUT CURRENT OF SCREEN SUPPLY. A 
Vj NET ION ACCELERATING POTENTIAL. V 

Mr NEUTRALIZER TO BEAM COUPLING 

POUNTIAL. V 

Jb beam current, a 

V;^ ACCELERATOR SUPPLY VOLTAGE. V 

ACCELERATOR CURRENT. mA 
AVj DISCHARGE POTENTIAL DIFFERENCE. V 
DISCHARGE EMISSION CURRENT. A 
Jj TOTAL DISCHARGE CURRENT, A 

■*S ^-'a'-'b 

Ji'Js^Je 

Vi-Vs+AVpIVrJ =Vs 


Figure Al. - Instrumentation schematic and symbol definition. 









Figure A2. - Correction factor to account for double ions and beam 
divergence. 
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